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Abstract: An in-depth understanding of the structure-activity relationship between the surface 
structure, chemical composition, adsorption and desorption of molecules, and their reaction activity 
and selectivity is necessary for the rational design of high-performance catalysts. Herein, we present 
a method for studying catalytic mechanisms using a combination of in situ reaction cells and surface 
science techniques. The proposed system consists of four parts: preparation chamber, temperature- 
programmed desorption (TPD) chamber, quick load-lock chamber, and in situ reaction cell. The 
preparation chamber was equipped with setups based on the surface science techniques used for 
standard sample preparation and characterization, including an Ar* sputter gun, Auger electron 
spectrometer, and a low-energy electron diffractometer. After a well-defined model catalyst was 
prepared, the sample was transferred to a TPD chamber to investigate the adsorption and desorption 
of the probe molecule, or to the reaction cell, to measure the catalytic activity. A thermal desorption 
experiment for methanol on a clean Cu(111) surface was conducted to demonstrate the functionality 
of the preparation and TPD chambers. Moreover, the repeatability of the in situ reaction cell 
experiment was verified by CO2 hydrogenation on the Ni(110) surface. At a reaction pressure of 800 
Torr at 673 K, turnover frequencies for the methanation reaction and reverse water-gas shift (RWGS) 


reaction were 0.15 and 7.55 Ni atom’'s"', respectively. 


Key words: Surface science; Model catalysts; Ultra-high vacuum; Temperature-programmed 


desorption; In situ reaction cell 


Introduction 

Heterogeneous catalysis plays a crucial role in human life, and is involved in approximately 90% 
of the chemical processes.! Currently, chemical production accounts for approximately 25% of the 
energy used worldwide, which is expected to increase to 40% by 2040.* However, the excessive 
consumption of fossil fuels has led to an increase in global surface temperatures by 1.1 °C compared 
to the pre-industrial era, thereby posing a significant threat to both the environment and climate.* The 
need for the sustainable development of human society through net zero CO2 emissions along with 
substantial reductions in other greenhouse gas emissions in the future has been widely recognized.*” 
To achieve this goal, an atomic-scale understanding of the reaction mechanisms is required to develop 
efficient catalysts to maximize the utilization of energy.” 81° 

Heterogeneous catalysis is an extremely complex process that involves multiple factors,!* such 
as the space, time, pressure, and temperature. Industrial catalysts are considerably complex; for 
example, they are composed of catalysts, promoters, and supports with various surface structures and 
morphologies. Hence, researchers previously mainly used the traditional “trial-and-error” approach to 
develop high-performance catalysts and optimize reaction conditions.” Owing to the advantage of 
ultra-high vacuum (UHV) techniques and the subsequent development of surface science methods in 
the 1960s, the clean surfaces of single crystals (model catalysts) were used to study the surface 
properties at the atomic level for the first time.” !! Over the past few decades, numerous surface 
science techniques have been developed to study surface properties.’ Generally, these surface science 
techniques mainly include electron and ion spectroscopy, scanning probe microscopy, vibrational 
spectroscopy, diffraction techniques, and mass spectrometry.” !? 

Benefitting from the new techniques and instrumentation, surface science technology enables the 
study of catalysis on the atomic scale, and the discipline has emerged as a frontier area in physical 
chemistry.” '3!° The surface science approach along with the reaction cell system can provide 
information regarding the surface structure and chemical composition in addition to the kinetic data 
of a reaction.!” !7'8 Professors Ertl and Somorjai pioneered the study of the catalytic reaction 
mechanisms based on surface science and demonstrated significant achievements over the past 50 
years.” '°?! Currently, the fundamental study of reaction mechanisms based on model catalysts 


remains a widely used technique that plays an important role in the field of electrocatalysis.*”* Herein, 


we present a study regarding the fundamental catalytic mechanisms using a setup that is a combination 
of a reaction cell and UHV system. The accessible pressure range of this system is 107!°— 10000 mbar. 
Moreover, a standard flag-type sample holder was used. Using a vacuum suitcase, the sample can be 
transferred to other characterization systems without exposure to the atmosphere. Using the developed 
system, a model catalyst was prepared and its surface properties, such as the chemical composition, 
adsorption, and desorption of molecules, were characterized. Based on the in situ reaction cell 
measurements obtained, we expect to achieve an atomic-scale understanding of the structure-activity 


relationship between the surface properties and catalytic activity. 


Experimental Section 


A. System overview 
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Fig. 1. Schematic of the overall system consisting of the UHV chambers and in situ reaction cell. 


The system consists of four main parts. Fig. 1 presents a schematic of the combination of a UHV 
system and an in situ reaction cell; the temperature-programmed desorption (TPD) chamber, 
preparation chamber, quick load-lock chamber, and in situ reaction cell are demonstrated (left to right). 
The system was designed with the help of (FERMION Instruments (Shanghai) Co., Ltd.), by which 


the chambers, manipulators, reaction cells, and supports were manufactured. The specimen was 


mounted on a flag-type sample holder and the temperature was measured using a K-type thermocouple. 
The sample stage in the load-lock chamber can store six samples simultaneously. As shown in Fig. 1, 
the load-lock chamber is connected to the preparation chamber and in situ reaction cell. In the 
preparation chamber, clean surfaces were obtained using standard sputtering and annealing cycles. 
The surface structure and cleanliness were verified using low-energy electron diffraction (LEED) and 
Auger electron spectroscopy (AES), respectively. 

The preparation chamber has more than three ports for the installation of evaporation sources 
that can be used to grow thin films and deposit metal nanoparticles. After a model catalyst was 
prepared and characterized in the preparation chamber, it was transferred either to the TPD chamber 
for the thermal desorption experiment of the probe molecule or to the in situ cell through the load- 
lock chamber for activity measurements. Herein, detailed descriptions of the components and 


parameters of the preparation chamber, TPD chamber, and in situ reaction cell are provided. 


B. Preparation chamber 
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Fig. 2. (a) Schematic of the preparation chamber. (b) AES spectrum and (c) LEED pattern (electron 
energy, 100 eV) of the Cu(111) surface without cleaning treatment. (d) AES spectrum and (e) LEED 
pattern (electron energy, 100 eV) of the clean Cu(111) surface. 


The preparation chamber (Fig. 2a) was a stainless-steel cylinder equipped with a four-axis 
manipulator system consisting of a manipulator, an XYZ stage (X, Y transfer distance, 25 mm; Z 


transfer distance, 210 mm), and a differentially pumped rotary platform (DN 100CF, 360° rotatable). 


A turbomolecular pump (STP-301, EDWARDS) and turbomolecular pumping station (NEXT 85D- 
CF63/nXDS6i1, EDWARDS) were used collaboratively in the pump chamber. The pressure of the 
preparation chamber was measured using an ion gauge (UHV-24, Agilent); the base pressure was 2 x 
10°! Torr. 

Flag-type sample holders can be composed of different materials such as stainless steel, tantalum, 
and molybdenum. Unless stated otherwise, an Inconel sample holder was used. The sample was 
annealed via electron beam heating within a temperature range between 300-1500 K. A K-type 
thermocouple that was closer to the sample was spot-welded at the end of the manipulator. The 
temperature difference between the thermocouple and the sample surface was calibrated through direct 
measurements using a pyrometer (IGA 8 pro, IMPAC). The preparation chamber was equipped with 
an ion source (IS 40C1 ION SOURCE, PREVAC), AES (microCMA, RBD), and LEED (BDL600IP- 
3GR, OCI). A Cu(111) single crystal (diameter of 10 mm; thickness of 2 mm) was purchased from 
MaTecK GmbH (Germany). As shown in Fig. 2b, C was the main contaminant on the uncleaned Cu 
(111) surface, resulting in a blurry p(1 x 1) LEED pattern (Fig. 2c). After several cycles of Ar* 
sputtering (1.5 keV, 15 min) and annealing at 810 K for 10 min,” a clean Cu(111) surface was obtained 
(Fig. 2d). The sharp p(1 x 1) diffraction pattern (Fig. 2e) further confirms that the clean Cu(111) 


surface was well prepared. 


C. TPD chamber 

The TPD chamber (Fig. 3a) was a stainless-steel truncated cube equipped with a four-axis 
manipulator system consisting of a manipulator, XYZ stage (X, Y transfer distance of 25 mm; Z 
transfer distance of 150 mm), and a differentially pumped rotary platform (DN 100CF, 360° rotatable). 
The chamber was pumped using a combination of a turbomolecular pump (STP-301, EDWARDS) 
and turbomolecular pumping station (NEXT 85D-CF63/nXDS6i, EDWARDS) shared with the 
preparation chamber. The pressure of the TPD chamber was measured using an ion gauge (UHV-24, 
Agilent), and the base pressure was 1 x 10°!° Torr. 

To accurately measure the sample temperature, a K-type thermocouple was placed in direct 
contact with the sample. The sample was annealed using either hot filament radiation or electron- 


beam heating and cooled by adding liquid nitrogen to the cold trap of the manipulator (Fig. 3a). The 
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sample temperature was varied from 80-1000 K and increased linearly from 100—600 K through 
proportional-integration-differentiation (PID) heating power control. Fig. 3b presents the sample 
temperature (black line) and setpoint (red line) during the linear heating process at a rate of 1 K/s, 
indicating excellent linearity of the heating curve. 

The probe molecule was exposed to the sample surface by backfilling, or through a leak valve 
(ZLVM9AR, Vacgen). A stainless-steel doser (inner diameter of 5 mm) was mounted on the TPD 
chamber using a linear shift (Fig. 3a), which could be moved to a position in front of the sample 
surface. During the TPD experiment, the distance between the sample surface and the collecting hole 
(5 mm in diameter) on the shield of the quadrupole mass spectroscopy (QMS) instrument (RC PIC 
Analyzer, HIDEN) was approximately 2 mm. Moreover, the shield was cooled by a liquid nitrogen 


flow, which acted as a differential pumping system. 
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Fig. 3. (a) Schematic of the TPD chamber. (b) Temperature-programmed curve ranging from 100 to 
600 K with a rate of 1 K/s; the black and red lines indicate the sample temperature and the setting 
point, respectively. (c) TPD spectra obtained with different doses (0, 0.005, 0.01, 0.025, 0.05, 0.1, and 
0.15 L, respectively) of methanol on the Cu(111) surface. 


D. In situ reaction cell 
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Fig. 4. (a) Schematic of the load-lock chamber and in situ reaction cell. (b) Working curve of the 
volume fraction of CH4 versus the MS signal ratio of 15/36. (c) MS signal ratio of 15/36 before and 
after the reaction as well as the CO2 conversion on the Ni(110) surface. Reaction conditions: 800 Torr 
gas mixture (20% CO2, 60% H2, and 20% Ar), 673 K, 3600 s. (d) TOFs of the methanation reaction 
and RWGS reaction on the Ni(110) surface. 


The in situ reaction cell was connected to a load-lock chamber (Fig. 4a). The prepared samples 
were transferred to a reaction cell to measure their catalytic activity without atmospheric exposure. As 
shown in the inset of Fig. 4a, the main part of the reaction cell consisted of a quartz cell and a stainless- 
steel shell. The volume of the quartz cell was 93 cm?, and it was heated using a resistance wire, which 
was controlled using a PID setting. The temperature ranged between 300-1200 K, and a K-type 


thermocouple was used to measure the reaction temperature. To minimize the background reaction, 


the sample stage of the reaction cell was composed of quartz. The base pressure of the reaction cell 
was reduced to less than 5 x 10° Torr, while the working pressure limit was 10 bar. The flows at the 
inlet and outlet of the reaction gas chamber were controlled using two needle valves (inset of Fig. 4a). 
The reaction pressure was measured using a Baratron capacitance gauge (range: 1—1000 Torr, 626D, 
MKS). To minimize the effect of the dead volume, we placed the two needle valves as close as possible 
to the reaction cell. Hence, the dead volume was approximately 4 cm*. Considering that the volume 
of the reactor was 93 cm, the effect of the dead volume can be neglected. The reaction products were 
analyzed using QMS (RC PIC Analyzer, HIDEN). The base pressure of MS was 1 x 10°!° Torr. 

The operating conditions of the reaction cell can be static (batch reactor) or dynamic (flow cell), 
depending on the reaction rate. The former favors the accumulation of products and is suitable for 
reactions with low turnover frequencies (TOFs). There is a heat insulation layer between the heating 
wire and stainless-steel shell. During the experiments, this part was maintained under vacuum to 
protect the heating filament. In the next section, we present the CO2 hydrogenation reaction on the 


Ni(110) surface as an example to illustrate the performance of the in situ reaction cell (Fig. 4b-d). 


Results and Discussion 
A. Testing the TPD system 

TPD of methanol on the clean Cu(111) surface: The thermal desorption of methanol from a clean 
Cu(111) surface was performed after exposure to methanol at 90 K. Before the experiments, methanol 
(99.9%, Macklin) was purified by conducting several freeze-pump-thaw cycles, and the dosing gas 
line for methanol was baked under vacuum conditions (<10~ Torr) and then flushed several times 
with high-purity methanol vapor. Approximately 45 min were required to cool the sample from room 
temperature (RT) to 90 K for the first time. Subsequently, the sample was flushed at 600 K to remove 
any residual gas adsorbed on the clean surface from the chambers during the cooling process. 
Thereafter, the sample was cooled once again to 90 K within 15 min because the sample stage was 
cooled with liquid nitrogen. 
At 90 K, the pressure of methanol during adsorption ranged between 5 x 10°!° and 2 x 10° Torr, and 
the doser was moved to approximately 50 mm in front of the Cu(111) surface. Fig. 3c presents the 


TPD spectra for methanol on the Cu(111) surface at doses of 0, 0.005, 0.01, 0.025, 0.05, 0.1, and 0.15 


L (1.33 L=1 x 10° Torr-s). The heating rate was 1 K/s and the MS signal of methanol was measured 
at m/z = 31. At significantly small dosages (0.005 and 0.01 L), only one desorption peak was observed 
at approximately 170 K (Fig. 3c), which was assigned to the desorption of the methanol monolayer 
on the Cu(111) surface.’ At a dosage higher than 0.01 L, two new desorption peaks (a and a2) 
appeared at approximately 149 K and 162 K (Fig. 3c), respectively. These two peaks originated from 


the desorption of the methanol multilayers and the amorphous second layer.”°”? 


B. Testing the in situ reaction cell 

Measurement of the activity for CO2 hydrogenation on the Ni(110) surface: Ni is among the most 
important non-precious metal catalysts for CO2 hydrogenation.*°?! An atomic-scale understanding of 
the reaction mechanism is essential for the rational design of high-performance catalysts. In this study, 
an in situ reaction cell was used to measure the TOFs of methanation and the reverse water-gas shift 
(RWGS) reaction on the Ni(110) surface during CO2 hydrogenation (Fig. 4b-d). 

Before the activity measurement on the Ni(110) surface, only the sample holder (without the 
sample) was transferred to the in situ reaction cell for the blank experiment. The reactant was a mixture 
of 20% CO2, 60% H2, and 20% Ar, with Ar used as the internal standard. The conversion of CO2 was 
obtained by measuring the MS signal of CO2 (m/z = 44), which was calibrated using Ar (m/z = 40) 
before and after the reaction at a working pressure of 2 x 10° Torr. To quantify the methane in the 
products, we constructed a working curve (Fig. 4b) of the methane fraction versus an MS signal ratio 
of 15/36 from the calibration gases (working pressure 1 x 10° Torr), which were prepared by adding 
0.01%, 0.05%, 0.1% and 0.2% methane to the reactants. Because the methane content in the product 
was significantly low, we used the more sensitive fragment signal (36) of Ar for calibration. In the 
blank experiment, the CO2 conversion was less than 1%, and the MS signal ratio of 15/36 did not 
change under the set reaction conditions (800 Torr, 673 K, 3600 s) (Fig. 4c), indicating that the 
background reaction was negligible. 

A Ni(110) single crystal (10 mm x 10 mm and 1 mm thickness) was purchased from Hefei Ke 
Jing Materials Technology Co., Ltd., China. The backside of the single crystal was passivated with a 
50 nm SiO? film. After Ar’ sputtering (1.5 keV, 10 min) and annealing (900 K, 10 min), clean Ni(110) 


was transferred to the in situ reaction cell without exposure to the atmosphere. As shown in Fig. 5, the 


AES and LEED patterns demonstrated that Ni(110) retained its single-crystal structure after the 
reaction. The activity for CO2 hydrogenation on the Ni(110) surface was measured three times. As 
shown in Fig. 4c, the CO2 conversion was maintained within approximately 6% at 800 Torr and 673 
K within a reaction time of 3600 s. Considering the MS signal ratio of 15/36 for the product (Fig. 4c) 
and the working curve (Fig. 4c), the fraction of methane in the product was determined. The reaction 
surface area of Ni(110) was 1 cm?, and the number of Ni atoms per unit area on the Ni(110) surface 
was 1.14 x 10'°.*? As the amount of carbon did not change before and after the reaction, we calculated 
the fraction of CO from the carbon balance. According to the aforementioned results, TOFs of the 
methanation and RWGS reactions on the Ni(110) surface were 0.15 + 0.03 and 7.55 + 0.85 Ni atom” 
Iş! respectively (Fig. 4d). Using silica-supported Ni nanoclusters with well-controlled average-sized 
particles, Vogt et al. demonstrated that the TOFs of the methanation reaction ranged between 0.016- 
0.05 per surface Ni atom per second.*! We observed that the TOFs of the methanation reaction on the 
Ni(110) surface were higher than those on silica-supported Ni catalysts, which is consistent with the 
theoretical prediction of the methanation reaction activity on the Ni surfaces following the order of 
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Fig. 5. AES spectra of the Ni(110) surface (a) before and (c) after the reaction, and LEED patterns of 
the Ni(110) surface (b) before and (d) after the reaction. 


Conclusions 

To study the structure-activity relationship between the surface properties and catalytic 
performance, we combined the surface techniques and in situ reaction cells into a single system. This 
apparatus consisted of a preparation chamber, a TPD chamber, a load-lock chamber, and an in situ 
reaction cell. The base pressures of the preparation and TPD chambers were better than 2 x 10°'° Torr. 
In the preparation chamber, we performed standard sputtering and annealing (300-1500 K) treatments 
on the sample to obtain a clean surface and physical vapor deposition to grow thin films and 
nanoclusters. Subsequently, LEED and AES were used to determine the surface structures and 
components, respectively. The thermal desorption experiment of a probe molecule on a well-defined 
surface was performed in a TPD chamber within temperatures ranging between 100-600 K. 
Benefitting from the use of this system, the well-prepared sample can be transferred to an in situ 
reaction cell for the measurement of catalytic activity within 300—1200 K at pressures up to 10 bar 
without exposure to the atmosphere. We expect that this system will become a powerful tool for 


studying catalytic mechanisms in the near future. 
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